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Gentlemen : 
Ri5s s t a t u s  r e p o r t  covers  work dur ing  t h e  per iod  from 1 March 1965 
By t h e  end of t h i s  pe r iod  approximately 88% o f  t h e  budgeted funds f o r  
t o  31 May 1965 under Contract  NASr-54(06), Man-Machine Performance Measure- 
ments. 
t h e  first y e a r  have been expended. 
On May 2nd t h e  p r o j e c t  l o s t  one o f  i ts c h a r t e r  p a r t i c i p a n t s  and 
l ead ing  f o r c e s  i n  t h e  death of Paul  M. F i t t s .  
as Co-Principal i n v e s t i g a t o r .  While t h e  l o s s  o f  h i s  l eade r sh ip  w i l l  be 
profoundly f e l t ,  it is o u r  i n t e n t i o n  t h a t  t h e  program w i l l  cont inue wi th  
s u b s t a n t i a l l y  t h e  same goals  and objec t ives .  
t i n u e  t o  pursue t h e  approaches t o  problems which he so ab ly  represented.  
Pew has been appointed t o  r ep lace  him as Co-Principal i n v e s t i g a t o r  t o  
r ep resen t  t h e  Human Performance Center i n  t h i s  i n t e r d i s c i p l i n a r y  program. 
He was, at t h e  time, s e r v i n g  
Attempts w i l l  be  made t o  con- 
D r .  
Work i s  cont inuing  on conduct and a n a l y s i s  of experimental  s t u d i e s  
of human performance c h a r a c t e r i s t i c s  i n  manual c o n t r o l  t a s k s  and development 
of fac i l i t i es  and techniques  f o r  on-line a n a l y s i s  o f  human performance data .  
1. EXPERIMENTAL STUDIES 
Operator Performance i n  Three-State Relay Control  Systems -
A paper  e n t i t l e d  “Performance of Human Operators  i n  a Three-State 
Relay Control  System With and Without E x p l i c i t  Veloci ty  Information” was 
presented  by D r .  Pew a t  t h e  6th National Symposium on Human Fac tors  i n  
E l e c t r o n i c s  which was he ld  i n  Boston on May 6th-8th, 1965. This  paper ,  which 
i s  inc luded  as Appendix A ,  descr ibes  t h e  resu l t s  of  t h e  e x p l i c i t .  v e l o c i t y  
d i s p l a y  experiment and t h e  major f ind ings  o f  Experiment 65-1 descr ibed  i n  t h e  
l a s t  s t a t u s  r e p o r t  concerning t h e  use of  d i s p l a y  blanking t o  eva lua te  the  
t i m e  r equ i r ed  t o  process  v i s u a l  feedback. 
A second s tudy  employing d i s p l a y  blanking (65-4) is  c u r r e n t l y  be ing  
planned t o  explore  t h e  r o l e  of s i g n a l  p r e d i c t a b i l i t y  o r  coherence i n  d e t e r -  
mining t h e  visual-feedback processing t i m e .  
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Operator Performance With  P red ic t ab le  Input  S igna l s  
Data c o l l e c t i o n  i n  Experiment 65-2 on s i n e  wave t r a c k i n g  is complete 
The first and development o f  t h e  power s p e c t r a l  a n a l y s i s  program'is complete. 
s e t  o f  ana lyses  o f  t h e  power spectrum o f  t h e  o p e r a t o r ' s  v e l o c i t y  e r r o r  s i g n a l  
( d i f f e r e n c e  between t h e  d e r i v a t i v e  of t h e  i n p u t  s i g n a l  and t h e  d e r i v a t i v e  o f  
t h e  o p e r a t o r ' s  o u t p u t )  have been completed and compilation o f  t h e s e  r e s u l t s  is  
underway. 
Data c o l l e c t i o n  has been i n i t i a t e d  i n  t h e  s tudy  descr ibed  i n  t h e  
prev ious  s t a t u s  r e p o r t  which examines t h e  a b i l i t y  t o  l e a r n  t o  reproduce a 
p r e c i s e l y  s p e c i f i e d  movement p a t t e r n  (65-3). 
2. RESEARCH FACILITY DEVELOPMENT 
Power S p e c t r a l  Analyzer 
I
The p r i n c i p l e s  and analog computer mechanization of t h e  power 
spectrum ana lyze r  which has been used i n  a n a l y s i s  o f  e r r o r  d a t a  i n  Experiment 
65-2 is descr ibed  i n  Appendix B. 
Pseudo-Random Noise Generator -
A s  desc r ibed  i n  a previous r e p o r Z t h e  n o i s e  g e n e r a t o q i n  t h e  con- 
v e n t i o n a l  conf igu ra t ion ,  c o n s i s t s  of a d i g i t a l  s h i f t  r e g i s t e r  which is pulsed 
r e p e t i t i v e l y  a t  a clock frequency, fc. 
t h e  r e g i s t e r  one p o s i t i o n  t o  t h e  r i g h t ,  t h e  le f t -most  p o s i t i o n  i s  then  f i l l e d  
wi th  t h e  l o g i c a l  o r  o f  two o t h e r  p o s i t i o n s  i n  t h e  r e g i s t e r  and i f  t h e s e  are 
s e l e c t e d  p rope r ly  t h e  sequence o f  states observed i n  t h e  right-most p o s i t i o n  
r e p e a t s  on ly  a f t e r  2"-1 pu lses .  
bandwidth may .-e obta ined  by f i l t e r i n g  t h e  ou tpu t  o f  one o f  t h e  r e g i s t e r  
p o s i t i o n s  wi th  a f i l t e r  c u t o f f  frequency fb.  
If each p u l s e  s h i f t s  t h e  con ten t s  o f  
An ana log  pseudo-random n o i s e  o f  any d e s i r e d  
The e m p i r i c a l  eva lua t ion  o f  t h e  output  c h a r a c t e r i s t i c s  o f  t h i s  n o i s e  
gene ra to r  has  focused thus  far  on desc r ib ing  its output  amplitude d i s t r i b u t i o n .  
Up t o  now no one has s a t i s f a c t o r i l y  de r ived  t h e  amplitude d i s t r i b u t i o n  of t h e  
f i l t e r e d  ou tpu t  of such a sequency gene ra to r  a n a l y t i c a l l y .  
p o s s i b l e  t o  argue t h a t  t h e  d i s t r i b u t i o n  should be Gaussian on i n t u i t i v e  
grounds. 
t i o n s  from "one" t o  "zero", and vice v e r s a )  are independent random v a r i a b l e s .  
Then low pass  f i l t e r i n g  performs an e f f e c t i v e  summation o f  as many random 
v a r i a b l e s  as t h e  average number of ze ro  c r o s s i n g s  t h a t  occur wi th in  t h e  memory 
span of t h e  f i l t e r .  If t h e  memory span o f  t h e  f i l t e r  is  long enough, t h e  
c e n t r a l  l i m i t  theorem a p p l i e s  and t h e  f i l t e r  output  should have a d i s t r i b u t i o n  
which i s  approximately Gaussian. However, w e  have observed t h a t  f o r  c e r t a i n  
combinations of clock frequency and f i l t e r  bandwidth t h e  time h i s t o r y  o f  t h e  
n o i s e  gene ra to r  ou tput  appears t o  be markedly skewed; t h i s  has l e d  t o  t h e  
p r e s e n t  i n v e s t i g a t i o n .  
However, it i s  
Assume t h a t  t h e  areas between zero  c ros s ings  of t h e  sequence ( t r a n s i -  
S ince  t h e  output  o f  t h e  s h i f t  r e g i s t e r  is e s s e n t i a l l y  d e t e r m i n i s t i c  
s t a t e s ,  it is p o s s i b l e  t o  measure t h e  amplitude and r e p e a t s  i t s e l f  af ter  
d i s t r i b u t i o n  of t h e  f i l t e r e d  noise  ou tpu t  f o r  a p a r t i c u l a r  va lue  of f c  and fb .  
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By d e f i n i n g  a narrow amplitude "window" and sweeping t h i s  window over  t h e  
range of output  amplitudes slowly enough so t h a t  a s i g n i f i c a n t  percentage of 
a t o t a l  cyc le  of 2*-l s tates is completed for  every amplitude wi th in  t h e  
window. 
s i g n a l  spends i n  every amplitude band i s  then  obta ined  by averaging t h e  out-  
p u t  of a d i s c r e t e  vol tage  source which has  a va lue  +K when t h e  s i g n a l  i s  
wi th in  t h e  amplitude window and zero otherwise.  
window s i ze ,  and window sweep ra te  i n t e r a c t  with t o t a l  s h i f t  r e g i s t e r  cyc le  
time and must be a d j u s t e d  t o  provide adequate s i g n a l  sampling and amplitude 
r e s o k t i o n .  
A continuous p l o t  of  t h e  percentage of  t h e  t o t a l  time t h a t  t h e  
The averaging time cons tan t ,  
Analysis  t o  d a t e  i n d i c a t e s  t h a t  for  t h e  convent ional  conf igura t ion  
t h e r e  i s  an optimum r a t i o  of sequence-generator clock-frequency, fc,  t o  output  
f i l t e r  bandwidth, f b ,  o f  about twenty. 
bu t ion  of t h e  n o i s e  is  very n e a r l y  Gaussian. 
t h i s  optimum value  t h e  d i s t r i b u t i o n  becomes inc reas ing ly  skewed. 
r a t i o s  of 80 and above t h e  skewness becomes r e a d i l y  apparent  i n  time h i s t o r y  
of t h e  n o i s e  s igna l .  Large amplitude peaks occur  i n  one d i r e c t i o n  t h a t  have 
no coun te rpa r t s  i n  t h e  oppos i t e  d i r ec t ion .  
For t h i s  ra t io ,  t h e  amplitude d i s t r i -  
A s  f c / f b  is  increased  beyond 
For frequency 
A s  t h e  r a t io  f c / f b  drops below t h e  optimum value  t h e  d i s t r i b u t i o n  
degenera tes  r a p i d l y ,  so t h a t  for a r a t i o  of t e n  t h e  d i s t r i b u t i o n  is n o t  even 
approximately Gaussian. 
t h e  e f f e c t i v e  number of random va r i ab le s  being summed i n  t h e  f i l t e r  is no t  
l a r g e  enough f o r  t h e  c e n t r a l - l i m i t  theorem t o  apply. 
This  i s  t o  be expected s i n c e  for  l o w  frequency ratios 
The cause o f  t h e  assymetry of t h e  d i s t r i b u t i o n  a t  high frequency 
r a t i o s  i s  no t  f u l l y  understood; however, a method f o r  avoiding t h e  problem has 
been devised. 
which d i f f e r  i n  l eng th  by one o r  two s t a t e s ,  may be added modulo two t o  pro- 
duce t h e  d e s i r e d  sequency o f  b inary  states.  This  y i e l d s  a sequence which is 
very c lose  t o  maximum leng th  ( t h a t  is ,  maximum l e n g t h  for  a s i n g l e  s h i f t  
r e g i s t e r  o f  t h e  same t o t a l  number of states).  Pre l iminary  i n v e s t i g a t i o n  o f  
t h i s  method using a 9 s t a g e  and 11 s t a g e  s h i f t  r e g i s t e r  combination induca tes  
a Gaussian d i s t r i b u t i o n  which does not  become skewed a t  high frequency ratios.  
The output  of t w o  convent ional  b u t  s h o r t e r  s h i f t  r e g i s t e r s  
Analysis of t h e  n o i s e  genera tor  c h a r a c t e r i s t i c s  is cont inuing and 
a paper  based on t h e s e  r e s u l t s ,  containing recommendations f o r  use as a low 
frequency random s i g n a l  gene ra to r ,  w i l l  be draf ted .  
3. RELATED ACTIVITIES 
R. W. Pew, R. M. Howe, and J. Herzog a t t ended  t h e  6 th  Annual 
Symposium of t h e  P ro fes s iona l  Group on Human Fac tors  i n  E lec t ron ic s  i n  Boston 
on May 6th-8th. 
i n  Appendix A. 
Pew presented  t h e  paper descr ibed  above which i s  included 
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Performance of  Human Operators  i n  a Three-State Relay Control  
System With and Without E x p l i c i t  Veloci ty  Information 
Richard W 2  Pew 
Human Performance Center 
Department of  Psychology 
The Univers i ty  of  Michigan 
Ann Arbor, Michigan 
Previous a n a l y s i s  of  manually opera ted  two- and t h r e e - s t a t e  r e l a y  
c o n t r o l  systems with i n e r t i a l  dynamics has  shown t h a t  o p e r a t o r s  e f f e c t i v e l y  
use t h e  v e l c d t y  information a v a i l a b l e  i m p l i c i t l y  i n  a unidimensional  scale 
of t a r g e t  p o s i t i o n  t o  s t a b i l i z e  t h e  system, 
a b i l i t y  t o  r ep resen t  o p e r a t o r s v  switching performance i n  a two-s ta te  r e l a y  
system by use  o f  phase-plane t r a j e c t o r y  swi tch ing- l ines  o f t e n  app l i ed  t o  t h e  
engineer ing  a n a l y s i s  of nonl inear  systems, 
i n d i c a t e d  t h a t  t a r g e t  v e l o c i t y  was taken i n t o  account i n  dec id ing  when t o  
swi tch  states, Adams (1965) i n f e r r e d  t h e  use of v e l o c i t y  information from 
parameter  t r a c k i n g  measurements of  t he  b e s t  l i n e a r  r e p r e s e n t a t i o n  o f  ope ra to r  
performance i n  a t h r e e - s t a t e  system. 
Pew (1964) demonstrated some , 
The obta ined  swi tch ing  l i n e s  
The p resen t  s tudy  was undertaken t o  extend t h e s e  r e s u l t s  i n  two 
d i r e c t i o n s  and t o  begin a new l i n e  of a n a l y s i s  of  in format ion  process ing  time 
i n  d i sc re t e -dec i s ion ,  cont inuous t r ack ing  t a s k s ,  F i r s t ,  a t h r e e - s t a t e  system 
wi th  i n e r t i a l  dynamics was s t u d i e d  t o  i n v e s t i g a t e  t h e  use fu lness  of  t h e  phase- 
p lane  swi tch ing- l ine  a n a l y s i s  i n  t h e  t h r e e - s t a t e  case not  prev ious ly  s t u d i e d ,  
Second, t h r e e  d i s p l a y  cond i t ions  were employed, two of  which presented  t h e  
o p e r a t o r  wi th  e x p l i c i t  in format ion  about t he  in s t an taneous  v e l o c i t y  of t h e  
t a r g e t  t o  determine whether provis ion  of  such informat ion  would produce i m -  
proved o p e r a t o r  performance, F ina l ly ,  a measure o f  dec i s ion  time was der ived  
i n  t h e  contex t  o f  t h i s  t a s k  which makes it p o s s i b l e  t o  e v a l u a t e  t h e  time 
r e q u i r e d  t o  process  feedback information regard ing  t h e  r e s u l t s  of  immediately 
preceding a c t i o n s ,  
Met hod 
Descr ip t ion  o f  Task 
The t h r e e - s t a t e  r e l a y  c o n t r o l l e r  with a c c e l e r a t i o n  dynamics which 
formed t h e  b a s i s  o f  t h e  o p e r a t o r s o  t a s k  is diagrammed i n  F igure  1, 
o p e r a t o r  c o n t r o l l e d  t h e  p o s i t i o n  o f  t h e  t a r g e t  a long  t h e  h o r i z o n t a l  dimension 
of  an osc i l l o scope  by a c t u a t i o n  of two piano-l ike keys t h a t  were opera ted  by 
t h e  index  f i n g e r  o f  each hand, 
i n  t h e  frequency domain by k/S2s were those  o f  an i d e a l i z e d  i n e r t i a l  systeme 
Actuat ion o f  t h e  l e f t  o r  r i g h t  keys appl ied  a cons t an t  f o r c e  t o  t h i s  s imula ted  
i n e r t i a  toward t h e  l e f t  o r  r i g h t  r e spec t ive ly ,  and produced a cons t an t  
a c c e l e r a t i o n  i n  t h a t  d i r e c t i o n  f o r  t h e  du ra t ion  of actuation, 
key w a s  a c t i v e  t h e  t a r g e t  coas ted  with a cons tan t  v e l o c i t y  determined by t h e  
The 
The pure a c c e l e r a t i o n  dynamics, represented  
When n e i t h e r  
. . .  
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state o f  t he  system at  t h e  terminat ion of  t h e  las t  previous response?  
Actuation of both keys simultaneously had t h e  same effect on t h e  system as 
when n e i t h e r  key was a c t i v e ,  A force  of 150 gms over  a d i s t a n c e  of  0,7 mm 
was j u s t  s u f f i c i e n t  t o  a c t u a t e  t h e  microswitch under each key, 
The d i s p l a y  condi t ion  t h a t  se rved  as a r e fe rence  f o r  comparison 
with t h e  e x p l i c i t  v e l o c i t y  d i sp l ays  presented t h e  ins tan taneous  p o s i t i o n  of 
t h e  t a r g e t  dot  along t h e  h o r i z o n t a l  a x i s  of  t h e  CRT as  is  usua l  wi th  com- 
pensatory d i s p l a y s  (Displacement Condition: D), Zero e r r o r  was a t  t h e  
c e n t e r  of t h e  CRT, I n  t h e  Veloci ty  Vector Condition (VV) a hor i zon ta l  l i n e  
whose l eng th  and d i r e c t i o n  with respec t  t o  t h e  t a r g e t  were d i r e c t l y  propor- 
t i o n a l  t o  ins tan taneous  t a r g e t  ve loc i ty  was superimposed on t h e  t a r g e t  do t ,  
A vec to r  one c m  i n  length  corresponded t o  a v e l o c i t y  of two;cm/sec, 
The d i s p l a y  f o r  t h e  Phase-Plane Condition (PP) was two-dimensional 
with t a r g e t  p o s i t i o n  along the  ho r i zon ta l  a x i s  and t a r g e t  v e l o c i t y  on t h e  
v e r t i c a l  a x i s ,  
i n e r t i a l  system, it moved along one of two families of pa rabo l i c  t r a j e c t o r i e s  
concave t o  t h e  r i g h t  o r  l e f t  depending on which key was a c t i v a t e d ,  
t o  t h e  r i g h t  was defined t o  be upward and p o s i t i v e  and v e l o c i t y  t o  t h e  l e f t  
was downward and negat ive  with respec t  t o  t h e  c e n t e r  of t h e  CRT, 
v e l o c i t y  vec tor  p re sen ta t ion  one-cm v e r t i c a l  displacement corresponded t o  a 
v e l o c i t y  of  two cmlsec, 
Since t h e  t a r g e t  was cons t ra ined  by t h e  dynamics of  t h e  
Veloci ty  
As with  t h e  
Subjec ts  were requi red  t o  r e t u r n  t h e  t a r g e t  t o  t h e  o r i g i n  from one 
o f  t h r e e  i n i t i a l  cond i t ions  and t o  maintain it t h e r e  f o r  t h e  remainder of a 
6.6-sec, t r i a l ,  The i n i t i a l  condi t ions  were a l l  t o  t h e  r i g h t  of t h e  center: 
(1) 5,O-cm p o s i t i o n  e r r o r ,  zero ve loc i ty ;  ( 2 )  5,O-cm p o s i t i o n  error, l095-cm/ 
s e c o  v e l o c i t y  t o  t h e  l e f t ;  and (39  3,O-cm p o s i t i o n  e r r o r ,  1,98-cm/sece velo- 
c i t y  t o  t h e  r i g h t ,  
Three va lues  of system gain,  k ,  o r  a c c e l e r a t i o n  cons t an t  were 
s t u d i e d  having nominal values  of 2 , 0 ,  10,0, and 30,O cm/sec2, 
appara tus  malfunction t h e  a c c e l e r a t i o r s a p p l i e d  by a c t u a t i o n  of t h e  l e f t  and 
r i g h t  keys were no t  p r e c i s e l y  equal,  For t h e  l e f t  key they  were 2.03, 10,32 
and 30,16 cm/sec2 r e s p e c t i v e l y  while f o r  t h e  r i g h t  key they  were 2,52, 13,OO 
and 38,20 cm/sec2, 
computations i n  which they  were involved, The d i f f e r e n c e s  were small enough 
t h a t  s u b j e c t s  d id  no t  r e p o r t  being aware of them except i n  t h e  case of two 
s u b j c c t s  wi th  t h e  30-cm/sec2 acce le ra t ion ,  
Due t o  an 
These d i f fe rences  have been taken i n t o  account i n  any 
Sub jec t s  Procedure 
Eighteen Univers i ty  of Michigan undergraduate male j u n i o r s  and 
They were d iv ided  i n t o  t h r e e  groups so s e n i o r s  served as pa id  s u b j e c t s ,  
t h a t  s i x  served for  a t o t a l  o f  e igh t  one-hour d a i l y  se s s ions  i n  each of  t h e  
t h r e e  d i s p l a y  cond i t ions ,  
Sub jec t s  sa t  with t h e i r  eyes approximately 50 c m  from t h e  CRT wi th  
t h e  index f i n g e r  o f  each hand r e s t i n g  on t h e  appropr i a t e  key, 
earphones and l i s t e n e d  t o  moderate i n t e n s i t y  white  no i se  t o  mask t h e  aud i to ry  
appara tus  cues 
They wore 
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A t  t h e  be;inning of a t y ? i c a l  t r i a l  t h e  expe r inen te r  i n t e r r u p t e d  
t h e  n o i s e  i n  Ss n_ar?hrj:?es as a s i g n a l  t h a t  two seconds l a t e r  t h e  t a r g e t  
would move inFtantaneous ly  t o  t h e  i n i t i a l  cor.:',ition Tos i t i on  and t h a t  
e r r o r  s c o r i q  xould begin. S was t o  begin responding inmedia te ly  and t o  
a t t e c p t  t o  r e t : r n  t h e  t a r g e t t o  t h e  o r i z i n .  If he maintained t h e  t a r g e t  
w i th in  t h e  Sounds of t h e  CRT t h e  t r i a l  t e r r . i na t ed  a f t e r  6.6 sec. and E 
then  informed S o f  h i s  e r r o r  s c o r e  f o r  t h a t  t r i a l .  If S l o s t  control-of 
t h e  t a r g e t  and-it exceeded t h e  l i n i t s  qf t h e  CRT,  t h e  Trial was automa- 
t i c a l l y  te rmina ted  and he was a r b i t r a r i l y  ass igned  a maximum e r r o r  s co re  
of 30 cm-sec. 
ment of t h e  t a r g e t ,  on tventy- f ive  ?erFent  o f  t h e  t r ials tne t a r g e t  d i d  no t  
move and S was v e r b a l l y  r ep r inan led  if he responded on any of t h e s e  fa lse  
t r ia l s .  
I n  o rde r  t o  discourage S f r o 3  a n t i c i p a t i n g  t h e  i n t i a l  move- 
..., 
The e s s e n t i a l  fo-atures of t h e  i c s t r u c t i o n s  t o  S inc luded  a 
d e s c r i p t i o n  o f  t h e  t a sk ,  an explana t ion  of t h e  neaning 07 t h e  in t eg ra t ed -  
abso lu t e -e r ro r  ( I A E )  sccre i n  terms of t h e  area under t h e  curve desc r ib ing  
p o s i t i o n  e r r o r  as a func t ion  o f  t i n s a n d  t h e  i s s t r u c t i o n  t h a t  he was t o  
r e t u r n  t h e  ta rze t  t o  t h e  o r i g i n  and hold it t h e r e  i n  such a manner t h a t  he 
minimized t h e  IAC he obtained. I t  can b e  shown t h a t  t h e  minimum-IAE 
c r i t e r i o n  i s  e s s e n t i a l l y  equ iva len t  t o  t h e  minimum-time x i t e r i o n  f o r  t h e  
cond i t ions  ucder s tudy  (Pew, J 563). 
Each d a i l y  s e s s i o n  f o r  each S cons i s t ed  of 5 consecut ive  t r i a l s  
The sequence o f  t h e  n ine  b locks  was 
under each combination o f  t h e  t h r e e  acFe le ra t ion  cons t an t s  and t h r e e  i n i t i a l  
cond i t ions  f o r  a t o t a l  of 45 t r ia ls .  
randomized over s u b j e c t s  aad over s e s s ions  f o r  each s u b j e c t .  
Ss knew i n  advance which acce lepa t ion  and which i n i t i a l  cond i t ion  would 
occur  dur ing  t h e  next  block o f  f i v e  t r ia ls .  
However, a l l  - 
During t h e  first s i x  s e s s i o n s  a l l  Ss p r a c t i c e d  wi th  t h e  d i sp lay  
cond i t ion  t o  which they  were assigned. On Dzys 7 and 8 each group t r ans -  
f e r r e d  t o  a cew d i s p l a y  condi t ion .  The displacement group used t h e  ve loc i ty -  
v e c t o r  d i s p l a y  while t h e  phase-plane and ve loc i ty -vec to r  groups t r a n s f e r r e d  
t o  t h e  s impler  displacement d isp lay .  
On every t r i a l  in tegra ted-absolu te -er ror  was computed; t a r g e t  
d i s p l a c e r e n t  and v e l o c i t y  as a func t ion  of time were recorded on a s t r i p  
cha r t sand  f o r  h a l f  t h e  Ss an analog t a 2 e  record ing  was obta ined  of t h e  
s ta te  o f  each key as a ?unction of time. This l a t te r  r eco rd  was l a t e r  
analyzed v i a  a d i g i t a l  computer t o  o b t a i n  p r e c i s e  measures o f  i n t e r r e sponse  
times . 
Resul t s  
E r r o r  Score Analysis --
The in tegra ted-absolu te -er ror  s c o r e s  provided t h e  primary evalu- 
a t i o n  o f  t h e  e f f e c t i v e n e s s  of t h e  e x p l i c i t  v e l o c i t y  d i sp l ays .  
shows t h e  performance wi th  t h e  th ree  d i s p l a y  cond i t ions  f o r  each of t h e  
t h r e e  va lues  o f  system ga in  or a c c e l e r a t i o n  cons tan t  dur ing  Sess ions  5 and 
Figure 2a 
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6 ,  t h e  l as t  two t r a i n i n g  se s s ions .  
o r d i n a t e  i s  t h e  IAE co r rec t ed  f o r  d i f f e r e n c e s  i n  minimum IAE o b t a i n a b l e  
wi th  each value o f  ga in  and i n i t i a l  cond i t ion  by t h e  formula: 
The performance sco re  shown on t h e  
Obtained I A E  - Minimum IAE 
Minimum IAE Performance s c o r e  = 
Each d a t a  p o i n t  r e p r e s e n t s  t h e  mean o f  s i x  S ' s  performance on ten t r i a l s  
a t  each o f  t h e  t h r e e  i n i t i a l  condi t ions .  
- 
It appears  from t h e  graph t h a t  e x p l i c i t  v e l o c i t y  information 
This  eva lua t ion  was supported by t h e  var iance  a n a l y s i s  of t h e  
Main effects  o f  
becomes important on ly  when t h e  system s e n s i t i v i t y  o r  a c c e l e r a t i o n  cons t an t  
i s  high. 
l as t  two p r a c t i c e  s e s s i o n s  which showed a s i g n i f i c a n t  d i s p l a y  x accelera- 
t i o n  i n t e r a c t i o n  (p  < .OS) b u t  no d i sp lay  main effect .  
a c c e l e r a t i o n  and i n i t i a l  cond i t ion  were a lso s i g n i f i c a n t  ( p  < -011, as  
might be  expected. 
i n t e r a c t i o n  ( p  < .OS) f u r t h e r  supported t h e  f i n d i n g  of d i f f e r e n t i a l  u se fu l -  
n e s s  of t h e  e x t r a  v e l o c i t y  information. 
A s i g n i f i c a n t  d i sp l ay  x a c c e l e r a t i o n  x i n i t i a l  cond i t ion  
Examination of t h e  effect of p r a c t i c e  wi th  each d i s p l a y  f o r  t h e  
t h r e e  l e v e l s  of a c c e l e r a t i o n  cons tan t  (F igure  3 )  sugges ts  t h a t  it took t h e  
phase-plane group one se s s ion  t o  become accustomed t o  t h e  two-dimensional 
d i s p l a y  but t h e r e a f t e r  they  performed about as w e l l  a s  t h e  ve loc i ty -vec to r  
group. On t h e  o t h e r  hand, a t  t h e  h ighes t  a c c e l e r a t i o n  value t h e  d i sp lace -  
ment d i s p l a y  was i n f e r i o r  throughout t r a i n i n g .  
Figure 2b shows average performance s c o r e s  before  and a f t e r  each 
Here a l s o  means have been group t r a n s f e r r e d  t o  t h e  new d i sp lay  cond i t ion .  
accumulated over  t e n  t r ia ls  f o r  each o f  s i x  s u b j e c t s  and t h r e e  i n i t i a l  
condi t ions .  S ince  t h e  ve loc i ty-vec tor  (VV) group performance does n o t  
change when they  begin working w i t h  t h e  displacement (D) d i s p l a y  but  t h e  
displacement group shows improvement a t  t h e  h i g h e s t  acceleration va lue  when 
t h e y  t r a n s f e r  t o  t h e  ve loc i ty-vec tor  d i s p l a y ,  one may i n f e r  t h a t  t h e  e x p l i c i t  
v e l o c i t y  information i s  serv ing  as an a i d  t o  t r a i n i n g  r a t h e r  t han  as an a i d  
t o  performance. When t h e  e x t r a  information is taken away no decrement 
r e s u l t s  whi le  adding it improves performance. 
phase-plane group could be i n t e r p r e t e d  as t h e  effect  o f  nega t ive  t r a n s f e r  
from t h e  two-dimensional t o  a one-dimensional t a s k .  
e s s e n t i a l l y  had t o  l e a r n  a new t a s k  when t h e  t a r g e t  no longer  moved i n  two 
dimensions. 
l i n e  . 
The decrement shown f o r  t h e  
These s u b j e c t s  
Presumably f u r t h e r  p r a c t i c e  would br ing  t h e i r  s c o r e s  back i n  
Separa te  ana lyses  of variance were performed f o r  each o f  t h e  t h r e e  
d i s p l a y  groups. 
s i g n i f i c a n t  s e s s i o n  (before  and a f t e r  t r a n s f e r )  main e f f e c t  nor  a s e s s i o n  by 
a c c e l e r a t i o n  i n t e r a c t i o n  was demonstrated ( F  1). Evidently t h e  performance 
decrement shown i n  Figure 2b f o r  t h e  phase-plane group may be  a t t r i b u t a b l e  
t o  chance alone. 
and t h e  s e s s i o n  by a c c e l e r a t i o n  i n t e r a c t i o n  are only  marginally s i g n i f i c a n t  
For t h e  ve loc i ty-vec tor  and phase-plane groups n e i t h e r  a 
For t h e  displacement group both t h e  s e s s ion  main e f f e c t  
( p  < . l o )  
- .  
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I n  summary, e x p l i c i t  v e l o c i t y  d i s p l a y s  appear  t o  p lay  a r o l e  i n  
he lp ing  s u b j e c t s  t o  l e a r n  t o  make use o f  t h e  i m p l i c i t  v e l o c i t y  information 
a v a i l a b l e  i n  t h e  usua l  compensatory d i sp lay ,  p a r t i c u l a r l y  when t h e  system 
s e n s i t i v i t y  is  high. 
From t h e  p o i n t  o f  view o f  p o t e n t i a l  a p p l i c a t i o n ,  t h e  ve loc i ty -  
vec to r  d i s p l a y  appears  t o  have two advantages over t h e  phase-plane presenta-  
t i o n .  I t  could be compatible wi th  and e a s i l y  implemented f o r  a two- 
dimensional c o n t r o l  t a s k  whi le  t h e  phase-plane would r e q u i r e  s e p a r a t e  
d i s p l a y s  f o r  each dimension. In  add i t ion ,  t h e  l e a r n i n g  d a t a  sugges t  t h a t  
t h e  ve loc i ty-vec tor  d i s p l a y  has  an inhe ren t  c o m p a t i b i l i t y  with t h e  con- 
t r o l l i n g  t a s k  which reduces  t h e  time r equ i r ed  f o r  f a m i l i a r i z a t i o n ,  a t  
least for  t h e  na ive  s u b j e c t s  used i n  t h i s  s tudy .  
Phase-Plane Swi tch ing  Poin t  Analysis 
One reason  f o r  s tudying  the effects of t h r e e  i n i t i a l  cond i t ions  
was t o  provide d a t a  f o r  f u r t h e r  examination o f  t h e  locus  o f  swi tch ing  
p o i n t s  chosen by s u b j e c t s  i n  t h e i r  a t tempts  t o  n u l l  o u t  t h e  i n i t i a l  e r r o r .  
Figure 4 shows t h e  mean swi tch ing  p o i n t s  p l u s  o r  minus one s t anda rd  
dev ia t ion  f o r  two s u b j e c t s  f o r  each combination o f  i n i t i a l  cond i t ion  and 
a c c e l e r a t i o n  value. The s u b j e c t  shown i n  Figure 4a used the phase-plane 
d i s p l a y  whi le  t h e  s u b j e c t  i n  Figure 4b served  i n  t h e  ve loc i ty-vec tor  group. 
Each swi tch ing  p o i n t  was determined from t h e  mean o f  t e n  observa t ions .  
Hence t h e s e  phase-plane t r a j e c t o r i e s  may be regarded as r e p r e s e n t i n g  t h e  
s u b j e c t ' s  average t r a n s i e n t  performance f o r  each i n i t i a l  condition--acceler- 
a t i o n  combination. I t  may be seen t h a t  t h e  subject i n i t i a t e d  h i s  first 
response a t  t h e  i n i t i a l  cond i t ions  i n d i c a t e d  by t h e  d o t s  i n  t h e  r i g h t  hand 
two quadrants  o f  each f i g u r e .  He continued t o  ho ld  t h e  l e f t  key down u n t i l  
t h e  cond i t ions  o f  v e l o c i t y  and p o s i t i o n  a s s o c i a t e d  with t h e  first swi tch ing  
p o i n t  were reached. I n  every  case  t h e r e  is then a b r i e f  per iod  when e i t h e r  
bo th  keys were r e l e a s e d  o r  both keys were depressed and then t h e  f i n a l  
segment of t h e  t r a j e c t o r y  shown corresponds t o  r igh t -key  a c t i v a t i o n .  These 
t r a j e c t o r i e s  were te rmina ted  a r b i t r a r i l y  a t  t h e  zero-ve loc i ty  a x i s  s i n c e  
t h i s  a n a l y s i s  extended only  through t h e  first swi tch ing  poin t .  
I t  is  ev iden t  from Figure 4 t h a t  t h e  a t tempt  t o  provide a range 
of p o s s i b l e  swi tch ing  p o i n t s  by varying t h e  i n i t i a l  cond i t ions  was only  
margina l ly  success fu l .  The first segment o f  each set of t h e  t h r e e  t r a j e c t o r i e s  
are t o o  c l o s e  toge the r .  Nevertheless,  as shown i n  Figure 4a Subj:  NM, us ing  
t h e  phase-plane d i s p l a y ,  came very c l o s e  t o  p lac ing  a l l  o f  h i s  mean swi tch ing  
p o i n t s  on t h e  time-minimum optimum t r a j e c t o r y .  Subj: D D ,  us ing  t h e  d i sp lace -  
ment d i s p l a y ,  was more t y p i c a l  o f  t h e  o t h e r  s u b j e c t s  whose data was analyzed 
i n  t h i s  way i n  t h a t  h i s  swi tch ing  locus  was not e a s i l y  cha rac t e r i zed .  
However, as shown f o r  DD, most s u b j e c t s  tended t o  overshoot t h e  o r i g i n  and 
most e x h i b i t e d  s u r p r i s i n g l y  l i t t l e  v a r i a b i l i t y  over t r i a l s  i n  t h e i r  choice  
o f  swi tch ing  po in t s .  The obtained average swi tch ing  performance wasexamined 
f o r  sys t ema t i c  d i f f e r e n c e s  which could be a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  
d i s p l a y  group t o  which s u b j e c t s  were ass igned ,  bu t  no sys temat ic  d i f f e r e n c e s  
were observed. 
One g e n e r a l  f i n d i n g  of t h i s  a n a l y s i s  was t h a t  most S s ,  when 
ope ra t ing  wi th  a c c e l e r a t i o n  cons tan t  equal  t o  30 cm/sec2, f a i i e d  t o  make 
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use of  t he  maximum v e l o c i t y  c a p a b i l i t y  of t h e  system. 
t o  follow t h e  p a t t e r n :  acce lera te -coas t -dece lera te .  Some coas t ing  i s  shown 
i n  Figure 4 but  for  most o t h e r  sub jec t s  it was more pronounced. 
time opt imal  c o n t r o l l e r  would not coast .  
i n h e r e n t  v a r i a b i l i t y  i n  l o c a t i n g  t h e  des i r ed  switching po in t  p r e c i s e l y  i n  
time, then f o r  a very s e n s i t i v e  system t h e r e  is a t rade-off  between t h e  
r e l a t i v e  c o s t  of a switching-time e r r o r  and t h e  r e l a t i v e  c o s t  of l i m i t i n g  
v e l o c i t y  t o  a value less than t h e  maximum ava i l ab le .  
t r ade -o f fwas reso lved  i n  f avor  of l imi t ed  v e l o c i t y  when t h e  v e l o c i t i e s  were 
i n  t h e  range where a 50-111s t i ihing e r r o r  produced 9a)pos i t ion  e r r o r  of 1/2 cui. 
Ins tead  they tended 
A minimum- 
However, i f  w e  accept  t h e  ope ra to r ' s  
I t  appears t h a t  t h i s  
Feedback Process inq  Time -Analysis 
As l e a r n i n g  of t h e  t a s k  progressed over  t h e  s i x  s e s s i o n s  of t r a i n -  
i ng ,  most s u b j e c t s  developed t h e  s t r a t e g y  of n u l l i n g  ou t  t h e  i n i t i a l  error 
with two or  t h r e e  c a r e f u l l y  timed responses and then s h i f t i n g  t o  a pulsed 
mode of responding, 
t h i s  mode e f f e c t i v e l y  reduced t h e  order  of t h e  system from a c c e l e r a t i o n  
c o n t r o l  t o  v e l o c i t y  cont ro l .  
Each pulse  introduced a d i s c r e t e  change i n  v e l o c i t y  and 
For purposes of a n a l y s i s ,  pu l se s  were a r b i t r a r i l y  def ined as 
responses  whose t o t a l  du ra t ion  was s h o r t e r  than 120 m s .  
s h o r t  it could be argued t h a t  pu lse  preprogramming had occurred, t h a t  is, 
Ss d id  n o t  modify t h e  planned pulse  du ra t ion  while  t h e  pu l se  was i n  progress .  
Consider for  a moment t h a t  a subjec t  has  j u s t  executed a preprogrammed pulse.  
H e  now has t h r e e  a l t e r n a t i v e  ac t ions  a v a i l a b l e :  (1) The pulse  produced a 
v e l o c i t y  change i n s u f f i c i e n t  t o  compensate f o r  t h e  e x i s t i n g  e r r o r  and an 
a d d i t i o n a l  pu lse  wi th  the  same key is required.  ( 2 )  The v e l o c i t y  change 
overcompensated and a pulse  with the a l t e r n a t e  key is  requi red  or ( 3 )  The 
pulse  was success fu l  i n  br inging  the t a r g e t  i n p e r c e p t i b l y  near  t h e  o r i g i n  
with no r e s i d u a l  v e l o c i t y  and, for  t h e  moment, no f u r t h e r  response i s  
requi red .  
For responses  t h i s  
- 
Since t h e  o r i g i n a l  pu lse  was preprogrammed, t h e  time requi red  t o  
reach  dec i s ion  (1) or  ( 2 )  must be included i n  t h e  pause a f t e r  t h e  pu l se  and 
be fo re  t h e  next  response. 
dec i s ion  i s  e i t h e r  t h a t  p resented  v i s u a l l y  o r  t h a t  der ived  from t h e  feel of 
t h e  keys. 
be separa ted  by a s p e c i f i e d  amount of time and r e l y  on no feedback about t h e  
r e s u l t  of the  l as t  response. Thus with t h e  except ion of t h e  lat ter explana- 
t i o n  which w i l l  be d e a l t  with subsequently,  t h e  time between responses  
provides  a measure of t h e  time needed t o  process  feedback about an on-going 
response a c t i v i t y .  
i n  s e v e r a l  ways. 
i l l - d e f i n e d .  
p red ic t ed  and achieved on t h e  last  response. 
is  almost completely cont ingent  on t h e  immediate p a s t  h i s t o r y  of t h e  s u b j e c t ' s  
performance. 
an on-going stream of a c t i v i t y ,  
The only information on which t o  base such a 
Al t e rna t ive ly  t h e  subject  may program two pu l ses  i n  advance t o  
I t  is  d i f f e r e n t  from a d i s c r e t e  r e a c t i o n  t i m e  measurement 
F i r s t ,  t h e  information on which t h e  r e a c t i o n  is  based is  
It depends on a sub t l e  comparison of  t h e  pos i t i on  and v e l o c i t y  
Second, it i s  a r e a c t i o n  which 
Third,  i t  is a reac t ion  t h a t  must be smoothly i n t e g r a t e d  i n t o  
To provide a measure of t h i s  feedback processing time, a d i g i t a l  
computer a n a l y s i s  of  t h e  d a t a  descr ibing t h e  sequen t i a l  s t a t e s  of t he  keys 
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as a func t ion  of time was performed t o  ob ta in  t h e  d i s t r i b u t i o n  o f  response  
times fo l lowing  pu l se  responses ( s h o r t e r  t han  120 m s )  f o r  about h a l f  of t h e  
group of 18 sub jec t s .  
r e g u l a r l y .  Two t y p i c a l  d i s t r i b u t i o n s  are shown i n  Figure 5. 
o r  response time has been p l o t t e d  s e p a r a t e l y  f o r  responses  wi th  t h e  same 
and a l t e r n a t e  hands. 
t h a t  s u b j e c t  over t h e  first s i x  s e s s i o n s  s i n c e  c l o s e  examination of t h e  
i n d i v i d u a l  s e s s ion  d a t a  r evea led  no sys t ema t i c  change i n  t h e  d i s t r i b u t i o n  
wi th  p r a c t i c e .  Although it may be seen  t h a t  t h e r e  are d i f f e r e n c e s  i n  t h e  
p ropor t ion  o f  same and a l t e r n a t e  key responses genera ted  by t h e  two s u b j e c t s ,  
normalizing those abso lu te  d i s t r i b u t i o n s  r e v e a l s  t h a t  t h e i r  shapes and 
l o c a t i o n s  are very similar. 
of responses  with t h e  same key appeared wi th  less  de lay  than  t h e  mode of t h e  
d i s t r i b u t i o n  for responses  with t h e  a l t e r n a t e  key. This is  i n c o n s i s t e n t  
wi th  t h e  psychologica l  d a t a  sugges t ing  a r e f r a c t o r i n e s s  t o  response r e p e t i -  
t i o n ,  bu t  i s  c o n s i s t e n t  wi th  Ber t e l son ' s  (1961) f i n h i n g  of a r e p e t i t i o n  
enhancement effect i n  ser ia l - reac t ion- t ime s t u d i e s .  
By t h e  s i x t h  s e s s i o n  a l l  but  one o f  them were pu l s ing  
The mean pause 
Each histogram con ta ins  t h e  accumulation o f  p u l s e s  fo r  
For every subject t h e  mode o f  t h e  d i s t r i b u t i o n  
I n  a d d i t i o n  t o  t h e  i n t e r e s t i n g  i n t e r p r e t a t i o n  o f  t h e s e  d a t a  i n  
t h e  framework o f  d i s c r e t e  r e a c t i o n  time s t u d i e s ,  it is tempting t o  propose 
a l s o  t h a t  they a r e  o f  i n t e r e s t  f o r  t h e  s p e c i f i c a t i o n  o f  sampling rates i n  
sampled d a t a  models o f  t h e  sort described i n  Young and S t a r k  (1965). If so, 
t h e s e  d a t a  argue s t r o n g l y  f o r  va r i ab le - r a t e  sampling and provide  a first 
s t e p  i n  t h e  d i r e c t i o n  o f  spec i fy ing  what t h e  d i s t r i b u t i o n  of sampling i n t e r -  
v a l s  should be. Although t h e  information on system v e l o c i t y  and p o s i t i o n  a t  
t h e  end o f  each pu l se  was n o t  a v a i l a b l e  f o r  a n a l y s i s ,  it i s  a n t i c i p a t e d  t h a t  
t h e  s p e c i f i c  sampling time taken by s u b j e c t s  may be f u n c t i o n a l l y  r e l a t e d  t o  
t h e s e  v a r i a b l e s ,  making it p o s s i b l e  t o  p r e d i c t  sampling rates on t h e  b a s i s  
of measurable t a s k  va r i ab le s .  
I n  o r d e r  t o  examine i n  more d e t a i l  t h e  t iming  o f  t h e  dec i s ion  
p rocesses  underlying performance with t h e  pulsed-mode i n  t h i s  r e l a y  c o n t r o l  
system one f u r t h e r  exp lo ra to ry  s tudy  has been completed. 
s u b j e c t s  who served i n  t h e  main experiment r e tu rned  f o r  s e v e r a l  a d d i t i o n a l  
s e s s i o n s  i n  which a new v a r i a b l e  was introduced. 
a p u l s e  response s h o r t e r  than  120 ms,the v i s u a l  d i s p l a y  was blanked o u t  
for a predetermined pe r iod  of time ranging from 177 t o  410 m s .  
p e r i o d  could begin immediately wi th  t h e  t e rmina t ion  of t h e  p u l s e  or could 
be delayed up t o  335 m s  fo l lowing  the  pulse.  
i n i t i a l  cond i t ion  (3-cm p o s i t i o n  error ,  2.03-cm/sec. v e l o c i t y  t o  t h e  r i g h t )  
and one a c c e l e r a t i o n  va lue  (30  cm/sec2) were used. Furthermore, 5s were 
encouraged t o  pulse.  
combinations of de lay  and blanking s tud ied  are shown i n  Figure 7 for Subj: RS. 
The o t h e r  t h r e e  subjects were performing so well t h a t  t hey  needed t o  make 
p u l s i n g  c o r r e c t i o n s  less f requent ly .  
i n g  p u l s e s  were analyzed, t h e s e  Ss f a i l e d  t o  provide enough d a t a  t o  produce 
well-defined d i s t r i b u t i o n s .  
Four of t h e  
Whenever t h e  subject made 
This blanked 
For t h i s  study only  one 
The d i s t r i b u t i o n  of response times f o r  t h e  twelve 
Since only  in t e r r e sponse  times follow- 
L 
The f i n e  s t r u c t u r e  of t h e s e  d i s t r i b u t i o n s  may be o f  some i n t e r e s t  
bu t  t h e  main f ind ing  which sys t ema t i ca l ly  c h a r a c t e r i z e s  these  d i s t r i b u t i o n s  
is  shown i n  Figure 7. 
shown i n  Figure 6 are e f f e c t i v e l y  decomposed i n t o  two modes. 
When blanking i s  introduced, t h e  o v e r a l l  d i s t r i b u t i o n s  
The first mode 
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t o  appear  has  a pos i t i on  i n  time t h a t  is f i x e d  with r e s p e c t  t o  t h e  termina- 
t i o n  o f  t h e  pulse .  
p o s i t i o n  o f  t h i s  first mode is r e l a t i v e l y  f ixed .  The time de lay  a s soc ia t ed  
wi th  t h i s  mode must e i t h e r  represent  a de lay  a s s o c i a t e d  with o t h e r  sources 
of feedback o r ,  more l i k e l y ,  a preprogrammed time de lay  such t h a t  a second 
response is executed r e g a r d l e s s  of t h e  consequences of t h e  first one. 
t h e  o t h e r  hand, as blanking is extended, a second mode t o  t h e  d i s t r i b u t i o n  
appears  which varys  r a t h e r  sys t ema t i ca l ly  with t h e  te rmina t ion  of  blanking. 
The responses  con t r ibu t ing  t o  t h i s  mode appear t o  be i n t i m a t e l y  t i e d  t o  t h e  
r e t u r n  of v i s u a l  information t o  t h e  d i sp lay .  
a s s o c i a t e d  with t h i s  mode is about  320 m s  f o r  t h e  a l t e r n a t e  key responses  
and about260 m s  f o r  t h e  same key responses.  
b e s t  estimates ob ta inab le  from these  d a t a  f o r  the.moda1 time necessary  t o  
process  v i s u a l  feedback f o r  t h i s  task.  
No matter what t h e  delay and d u r a t i o n  of  blanking t h e  
On 
The i n t e r c e p t  o r  average de lay  
These f i g u r e s  r ep resen t  t h e  
A s  t h e  blanking i s  sys t ema t i ca l ly  delayed,a l a r g e r  and l a r g e r  pro- 
po r t ion  of  t h e  responses  appear i n  t h e  first mode. From t h i s  d a t a  on one 
subject it appears  t h a t  a t  least 270 m s  de lay  i s  necessary  before  much 
r e l e v a n t  information can be ex t r ac t ed  from t h e  d i s p l a y  p r i o r  t o  blanking. 
This  i s  c o n s i s t e n t  wi th  t h e  300 m s  delay i n  responding a s s o c i a t e d  with t h e  
r e t u r n  of v i s u a l  information. Further  s t u d i e s  involv ing  d i s p l a y  blanking 
are planned t o  see i f  o t h e r  s u b j e c t s  behave i n  a similar manner when they  
are a t  a s t a g e  of l e a r n i n g  conducive t o  f requent  pu l s ing  and t o  see i f  t h e  
v a r i a b l e  of input  p r e d i c t a b i l i t y  can be s y s t e m a t i c a l l y  manipulated. This  
l i n e  o f  a n a l y s i s  shows cons iderable  promise f o r  providing a b r idge  between 
d iscre te - reac t ion- t ime s t u d i e s  and cont inuous-control  system inves t iga t ions .  
Summary 
This  s tudy  has  focused a t t e n t i o n  on t h e  k inds  of a n a l y s i s  t h a t  
can be employed wi th  t h e  h ighly  spec ia l i zed  r e l a y  c o n t r o l l e r  i n  o r d e r  t o  
promote f u r t h e r  understanding of the  underlying c o n t r o l  processes  u t i l i z e d  
i n  cont inuous-control  t a sks .  
by e x p l i c i t  v e l o c i t y  information i n  t h e  a c q u i s i t i o n  of  high l e v e l s  of  per- 
formance. The phase-plane a n a l y s i s  showed the  p o s s i b i l i t y  of  a meaningful 
r e p r e s e n t a t i o n  o f  a s u b j e c t ' s  t r a n s i e n t  performance i n  n u l l i n g  ou t  an 
i n i t i a l  condi t ion  al though f u r t h e r  work w i l l  be necessary  before  t h i s  
a n a l y s i s  w i l l  produce many u s e f u l  gene ra l i za t ions ,  
and manipulat ion of t h e  time necessary t o  process  feedback information has 
many p o t e n t i a l  imp l i ca t ions  for br inging d i s c r e t e  r e a c t i o n  time d a t a  t o  bear  
on cont inuous-control  behavior  and f o r  t h e  r ep resen ta t ion  of an ope ra to r  as 
a v a r i a b l e - r a t e  sampling system. 
Display manipulation showed t h e  r o l e  played 
F i n a l l y  t h e  measurement 
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Appendix B 
Analog Computation of Power Spec t r a  
John C. Duffendack 
I. In t roduc t ion  
The measurement o f  power s p e c t r a  by e i t h e r  d i g i t a l  or analog tech-  
n iques  has  been accomplished more or less r o u t i n e l y  f o r  a number of years .  
However, research  workers who have reason t o  use power s p e c t r a l  measurements 
o f  t h i s  s o r t  are o f t e n  n o t  themselves electrical  engineers  o r  computer exper t s .  
The d e s c r i p t i o n  t h a t  fo l lows  i s  intended t o  provide a s u f f i c i e n t l y  d e t a i l e d  
explana t ion  o f  t h e  method so t h a t  i nd iv idua l s  wi th  access t o  an  analog computer 
may make use o f  t h e  technique,  with a minimum of  t e c h n i c a l  consul ta t ion .  
The development of t h i s  p a r t i c u l a r  analog implementation w a s  under- 
taken i n  o r d e r  t o  analyze t h e  e r r o r  s igna l .ob ta ined  when human ope ra to r s  are 
a t tempt ing  t o  t r a c k  a pure ly  s inuso ida l  s igna l .  Other mechanizations are 
p o s s i b l e  such as computation and t ransformation o f  c o r r e l a t i o n  func t ions .  
However, t he  inpu t  s i g n a l s  t o  t h e  sys tem under s tudy  were s i n u s o i d a l  and a 
r e l a t i v e l y  narrow band of power i n  the  e r r o r  s i g n a l  was a n i t i c i p a t e d  so t h a t  a 
s t r a i g h t  forward method based on a set  of p a r a l l e l ,  narrow-band f i l ters was 
chosen. This implementation has the  advantage o f  r e q u i r i n g  only a s i n g l e  pas s  
through t h e  d a t a  and is equa l ly  s u i t a b l e  f o r  on-l ine o r  o f f - l i n e  ana lys i s .  As 
descr ibed ,  t h e  system r e q u i r e s  s i x  ope ra t iona l  a m p l i f i e r s  and one e l e c t r o n i c  
m u l t i p l i e r  f o r  each f i l t e r  employed. 
11. Theory 
S p e c t r a l  d e n s i t i e s  are genera l ly  def ined  i n  terms of  i n t e g r a l s  over  
time with doubly i n f i n i t e  l i m i t s .  However, t h e  p r a c t i c a l  measurement problem 
must n e c e s s a r i l y  be concerned wi th  func t ions  measured over a f i n i t e  i n t e r v a l  
of time. I t  is only  poss ib l e  t o  approximate asymptot ica l ly  t h e  i n f i n i t e  t i m e -  
average s p e c t r a l  dens i ty .  
Given t h e  func t ion ,  f ( t ) ,  it is  des i r ed  t o  approximate t h e  power 
s p e c t r a l  d e n s i t y  funct ion,  @(to), i.e., t h e  power p e r  u n i t  bandwidth a s soc ia t ed  
wi th  f ( t )  a t  each frequency, W. The power s p e c t r a l  d e n s i t y  i s  usua l ly  def ined  
as t h e  f o u r i e r  t ransform o f  t h e  au tocor re l a t ion  of  f ( t ) .  Since t h i s  dis- 
cuss ion  is concerned wi th  t h e  d i r e c t  measurement of s p e c t r a l  dens i ty  w e  w i l l  
d e f i n e  @ ( w )  i n  a more d i r e c t  fashion.  
d e n s i t y  as 
Many au tho r s  de f ine  t h e  power s p e c t r a l  
Unfortunately,  t h i s  d e f i n i t i o n  i s  not  mathematically j u s t i f i e d  and f a i l s  
occas iona l ly  as o u t l i n e d  by Davenport and Root (1958). For d i r e c t  measure- 
-2- 
c 
ment, as proposed he re ,  an appropr i a t e  d e f i n i t i o n  i s  given by Bekey (1962). 
He d e f i n e s  t h e  s p e c t r a l  d e n s i t y  func t ion  as  a double l i m i t  as Aw and T 
approach ze ro  and i n f i n i t y  r e spec t ive ly .  
- E- 
The i n t e g r a l  over w i n  t h e  above equat ion  r e p r e s e n t s  t h e  average 
power i n  a s i g n a l  o f  du ra t ion  2T for  a range of f r equenc ie s  of width Aw centered  
about t h e  frequency w I m p l i c i t  here is t h e  assumption t h a t  f ( t )  is ergodic.  
C 
This  func t ion  @ ( w )  may be represented  a t  a given number of p o i n t s  
as t h e  output  of a series of f i l t e r s  with appropr i a t e  squar ing  and averaging 
dev ices  as shown i n  Figure 1. 
PT 
LAVERAGING SQUARE - 
1 
1 -  RELAY 
I - @ b 2 )  I ti- SPECTRAL ANALYZER CIRCUIT NO. 2 
DEVICE , 
I 
I - @(WIO) I+ -SPECTRAL ANALYZER CIRCUIT NO. to 
Figure 1. Block Diagram of Analog S p e c t r a l  Analyzer 
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Each f i l t e r  passes  t h e  power wi th in  i ts  pass-band and t h e  output  
o f  each averaging device i s  propor t iona l  t o  t h e  e f f e c t i v e  averaging time ( T )  
and t h e  f i l t e r  bandwidth ( B i )  as w e l l  as t h e  s i g n a l  c h a r a c t e r i s t i c s .  
d e s i r a b l e  t o  normalize Q ( w )  such t h a t  t h e r e  i s  u n i t y  area under t h e  s p e c t r a l  
d e n s i t y  funct ion.  Thus, t h e  normalizing cons t an t ,  
I t  is 
1 
ki = pT B~ T ( 2 )  
is  def ined  where PT is  t h e  t o t a l  power o r  mean squared va lue  of f ( t ) .  
is,  us ing  an i n t e g r a t o r  for  t h e  averaging device  
That 
T 
0 
PT - I f ( t I 2  d t  
and t h e  bandwidth is  given by 
6 H ( w i )  dw 
B. = 
1 
(wi 'max 
( 3 )  
(4) 
where Note t h a t  a f i l t e r  with a 
rectangula;  ga in  func t ion  over  a bandpass B cyc le s  wide and H(wiImax high 
would have t h e  same area under t h e  H ( w . 1  curve as t h e  f i l t e r  descr ibed  i n  t h e  
t h e  above equation. 
H(w.1 i s  t h e  f i l t e r  power gain funct ion.  
1 
Whenever power s p e c t r a  are es t imated  from s i g n a l s  over  a f i n i t e  run 
l eng th ,  t h e  estimate is sub jec t  t o  s ta t i s t ica l  v a r i a b i l i t y .  
ments are obta ined  from human opera tors ,  t h e  run l eng th  must be chosen as a 
compromise between t h e  acceptab le  range of  s ta t i s t ica l  f l u c t u a t i o n  i n  t h e  
measurement and t h e  du ra t ion  of  a run over  which t h e  o p e r a t o r s  behavior  may 
be regarded as s t a t i o n a r y  i n  a s ta t is t ical  sense. 
width involves  a t rade-off  between s ta t i s t ica l  v a r i a b i l i t y  and t h e  p rec i s ion  
wi th  which t h e  frequency components i n  t h e  power spectrum may be resolved.  
These t r ade -o f f s  are r e f l e c t e d  i n  t h e  d e f i n i t i o n  of t h e  expected mean square  
e r r o r  of measurement or var iance ,  
which i s  given below assumes t h a t  t h e  amplitude d i s t r i b u t i o n  of  t h e  s i g n a l  
being analyzed is Gaussian; however, t h e  assumption does not  appear t o  be a 
c r i t i ca l  one. 
depa r tu re s  f r o m  normali ty  are observed. 
When t h e  measure- 
The choice  of  f i l t e r  band- 
2 i n  @ ( w ) .  The equat ion de f in in ing  of 
Valid approximations may be obtained even when s i g n i f i c a n t  
where T ,  t h e  e f f e c t i v e  averaging time, i s  def ined  as 
-4- 
1 
T =  # I" k ( t I 2  d t  
'0 
and 
T i s  e q u a l  t o  t h e  i n t e g r a t i n g  time T). 
new equ iva len t  f i l t e r  bandwidth is defined as  
k ( t )  i s  t h e  impulse response of t h e  averaging device  ( f o r  an i n t e g r a t o r  
For t h e  purpose o f  estimating u@, a 
I 
B =  ( 7 )  
Note t h a t  as t h e  bandwidth or t h e  averaging time g e t s  l a r g e r ,  t h e  rms s t a t i s t i -  
cal  error u@ is reduced. However, the t rade-of f  is  slow since a v a r i e s  wi th  @ [FT 1-112. 
Th i s  d e f i n i t i o n  o f  CY@ may be i n t e r p r e t e d  as t h e  s tandard  e r r o r  of 
estimate i n  t h e  usua l  s ta t i s t ica l  sense. 
confidence i n t e r v a l  corresponding t o  2 2a w i l l  d e f i n e  t h e  expected v a r i a b i l i t y  
o f  t h e  measurement. 
Once @ ( w e )  and u ( w i )  are known, a 95% 
I 
The above d i scuss ion  implies t h a t  t h e  a n a l y s i s  o f  s p e c t r a l  d e n s i t y  
measurement i s  t o  be  app l i ed  t o  a s i n g l e  continuous func t ion .  
dens i ty  o f  s e v e r a l  similar runs ,  however, may be averaged t o g e t h e r  t o  reduce 
t h e  expected d a t a  v a r i a b i l i t y  assuming t h a t  t h e  d a t a  are generated by a 
s t a t i o n a r y  process.  Note t h a t  t h e  expected s t anda rd  dev ia t ion  a ( w i )  is  reduced 
from t h e  value f o r  a s i n g l e  run  by the  fac t  n-1I2 where n i s  t h e  number o f  runs  
o f  equa l  t i m e  t h a t  are averaged. 
The s p e c t r a l  
111. F i l t e r  Rea l i za t ion  -
A large v a r i e t y  o f  f i l t e r  types  have been used i n  s p e c t r a l  measure- 
ments va r ing  i n  complexity and cut-off c h a r a c t e r i s t i c s .  
bandpass f i l t e r  was chosen he re  f o r  ease o f  ope ra t ion  and mechanization. 
A second-order 
This f i l t e r  has a t r a n s f e r  func t ion ;  
S 
2 .  Y(s) = s + 2 5 w  + w  n n 
The frequency response of t h e  f i l t e r  is shown i n  Figure 2. 
, 
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Figure 2. Response of F i l t e r  t o  Sinusoidal  Inputs  
The power g a i n  func t ion  H(w) may be w r i t t e n  as, 
[Mr) w 2  1‘ + [21L 
n Wn’ 
and t h e  maximum power ga in  is given by, 
The f i l t e r  bandwidths may be determined by i n t e g r a t i n g  t h e  proper 
func t ion  of H(w). From Equation 4 ,  
-6- 
and from Equation 7 ,  
The expected s tandard  dev ia t ion  u is t hen  given by, i 
and i n  terms of d e c i b e l s ,  Equation 13  becomes 
1/ 2 2 
db 
There are many ways t o  r e a l i z e  t h e  t r a n s f e r  func t ion  o f  Equation 8,  
both a c t i v e l y  and pass ive ly .  
a m p l i f i e r s  was chosen (see Figure 3) .  A s impler  one-amplifier c i r c u i t  (see 
Figure 4) could be used wi th  equiva len t  r e s u l t s  although component s e l e c t i o n  
(va lues  o f  resisters and c a p a c i t e r s )  w i th  t h i s  scheme is more d i f f i c u l t .  
An a c t i v e  implementation us ing  t h r e e  o p e r a t i o n a l  
-k s 
2 Y ( s )  = s2 + 25 wn + wn 
1 k = -  
c2 R4 
al R4 
- c1 c2 “3 5 1 R R  
w 2 -  
2 1 C = -  - 
2 w  c2 R2 n 
a 
Figure  3. C i r c u i t  Diagram and Related Equations f o r  a Three Amplifier,  
Second Order, Bandpass F i l t e r  
- - I -   
f 
- +  S L  2 C - + l  S 
W n w 2  n 
u 2 =  1 
R2 R3 c1 c2 
R3 R2 c2 
R1 
k =  
Figure  4. C i r c u i t  Diagram and Related Equations f o r  a One Amplifier,  Second 
Order, Bandpass F i l t e r  
Note t h a t  both c i r c u i t s  a r e  simply t h e  r e a l i z a t i o n  of a second- 
o r d e r  system where t h e  output  is taken as t h e  d e r i v a t i v e  of t h e  usua l  output  
( i. e. , "back up" one i n t e g r a t i o n  1. 
I V .  S e l e c t i o n  of F i l t e r  C h a r a c t e r i s t i c s  -- 
There are a number of t rade-of fs  i n  t h e  a c t u a l  c h a r a c t e r i s t i c s  of 
t h e  i n d i v i d u a l  f i l t e r  which are  dependent on t h e  expected p r o p e r t i e s  of t h e  
s i g n a l  t o  be analyzed and t h e  analog equipment a v a i l a b l e .  The s i g n a l  fre- 
quencies  ( o r  a t  l eas t  t h e  i n t e r e s t i n g  p a r t s  o f  i t>  should be sampled along 
t h e  frequency a x i s  such t h a t  a roughly continuous approximation t o  @ ( w )  may 
be determined. 
f i l t e r  t r a n s i e n t  time and small a(wi)  while  s t i l l  maintaining a narrow enough 
bandwidth fo r  proper  frequency d iscr imina t ion  (see Figure 2 and Equation 4).  
The damping r a t i o  may be t h e  same f o r  a l l  f i l t e rs  or  v a r i e d  from f i l t e r  t o  
f i l t e r  t o  decrease  U ( w i )  or i n c r e a s e  t h e  f i l t e r  d i s c r i m i n a b i l i t y .  That is 
S i  could be increased  i n  t h e  low frequency f i l t e r s  t o  i n c r e a s e  B ( w i )  and t h u s  
sacr i f ice  d i s c r i m i n a b i l i t y  for  a low a(wi) (see Equation 1 3  and Figure 5 ) .  
A proper  damping r a t i o  should be chosen t o  g ive  a s h o r t  
- 8- 
.o I 
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FILTER CENTER FREQUENCY f (CPS) 
Figure 5. Expected Power V a r i a b i l i t y  f o r  a Run o f  80 Seconds 
For t h e  band-limited human ope ra to r  t r ack ing  a v a r i e t y  o f  s i n u s o i d a l  i npu t s ,  
du r ing  1 2 0  second runs ,  t h e  fol lowing f i l t e r  charac te r i s t ics  were chosen::: 
5 = 0 .1  for  All F i l t e r s  
-wUy 
w = .803 cps 
6 
w = ,087 cps  1 
w = 1.25 cps 7 
8 
9 
10 
w = .135 cps 2 
3 
4 
5 
w = 1 .95  cps  w = .211 cps 
w = 3.04 c?s w = .330  cps  
w .515 cps w = 4.75 C?S 
For a c t u a l  ope ra t ion  these  va lues  along with t h e  pre-recorded s i g n a l  were 
t i m e  s c a l e d  up by a f a c t o r  of 4. 
V. 
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Computer U t i l i z a t i o n  
A 90-amplifier l o g i c  con t ro l l ed  analog computer was used f o r  t h e  
Pre-recorded s i g n a l s ,  s c a l e d  up i n  t i m e  by a f a c t o r  of 
A series o f  r e l a y s  and timers c o n t r o l l e d  t h e  automatic a n a l y s i s  
s p e c t r a l  ana lyzer .  
fou r ,  were f ed  t o  t h e  computer from an Ampex SP 300 AM-FM Magnetic Tape 
Recorder. 
o f  each run. 
t h e  f i l t e rs  were p laced  i n t o  t h e  o p e r a t e  mode ( i n p u t s  connected t o  t h e  i n t e -  
g r a t o r s ) .  
t o  eliminate f i l t e r  t r a n s i e n t s .  
were then  connected and a t  t h e  end o f  a 20 second run  (80 seconds r e a l  time) 
t h e  computer was p laced  i n  t h e  hold mode while t h e  ou tpu t s  of t h e  averaging  
i n t e g r a t o r s  were read. 
r epea ted  f o r  t h e  next  se t  o f  da ta .  
A t  t h e  f i rs t  zero-crossing o f  t h e  s u b j e c t s  recorded o u t p u t ,  
Following t h i s  a 6 second de lay  (24  seconds real  time) occurred 
The i n p u t s  t o  t h e  averaging i n t e g r a t o r s  
The computer was manually reset  and t h e  process  
Figure 6 shows one of t h e  t e n  f i l t e r ,  square  and average c i r c u i t s  
se t  up on t h e  computer. 
acter is t ics .  
Po t s  1 and 2 were used t o  a d j u s t  t h e  f i l t e r  char- 
62 20v SUPPLY 
W I 
Figure 6. Typical F i l t e r ,  Square, Averaging Analog C i r c u i t  
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2n w. R4 
1 - 
O 1  R1 R5 C1 C2 
a = 4 r r € w i C  R 2 2 4  
Pot 5 sca led  t h e  inpu t  of each f i l ter  such t h a t  given an input  s p e c t r a l  d e n s i t y  
wi th  equal  power a t  each w 
scale . a l l  quarter-square m u l t i p l i e r s  would run a t  f u l l  in  
a = 4n F. wi R6 C2 5 
Pot 3 compensated for the  effects of po t  5 and mul t ip l ied  t h e  output  
by t h e  r e c i p r o c a l  of t h e  f i l t e r  bandwidth (see Equations 2 and 4). 
1 
3 B  
a = -  
Pot 4 n u l l e d  t h e  zero offset  of t h e  m u l t i p l i e r  when used as a squaring device.  
An a d d i t i o n a l  c i r c u i t  ca l cu la t ed  t h e  t o t a l  power PT by averaging 
the squared input signal.. While t h i s  quan t i ty  i s  used as a normalizat ion 
factor i n  t h e  s p e c t r a l  ana lys i s ,  it w a s  also used as a g ross  measure of t h e  
s u b j e c t  * s performance . 
V I .  Error Analysis -
Aside from t h e  ques t ion  of d a t a  v a r i a b i l i t y  due t o  a f i n i t e  aver- 
aging time, t h e r e  ex is t  errors a t t r i b u t a b l e  t o  t h e  accuracy of t h e  s p e c t r a l  
analyzer .  
b e t t e r  than 0.1% and system n o i s e  l e v e l  was shown to  be a t  about -37 db ( f u l l  
scale r e f e r e n c e )  by analyhing a magnetic t a p e  pre-recorded with f ( t )  equal  
t o  zero. 
The computing components of t h e  analog computer are r a t e d  a t  
The l a r g e s t  error i n  t h e  computing system was produced by t h e  
quarter-square m u l t i p l i e r s .  
error of less than 0.15% of f u l l  scale .  
value of t h e  error is a cons tan t  and can become s i g n i f i c a n t  f o r  small va lues  
of t h e  m u l t i p l i e r  output.  
approximately 22 db 
f u l l  scale output.  
much h igher  s ta t ic  accuracy are commercially ava i l ab le .  
These m u l t i p l i e r s  were adjus ted  for  a static 
For t h i s  type  of m u l t i p l i e r  t h e  
This  e r r o r  could effect t h e  s p e c t r a l  a n a l y s i s  by 
r e f e r r e d  t o  -30 db b u t  has n e g l i g i b l e  effect near  t h e  
I t  should be noted t h a t  quarter-square m u l t i p l i e r s  with 
Severa l  tests were performed t o  check t h e  accuracy of the  c i r c u i t s .  
The s p e c t r a l  d e n s i t y  func t ion  of band-limited white  no i se  a s  w e l l  as a s i n g l e  
s inuso id  was shown t o  agree q u i t e  c lose ly  with t h e  t h e o r e t i c a l  curves over  
-11- 
a measurement range of about 30 db. The t r a p i z o i d a l  r u l e  area under s e v e r a l  
of t h e  measured s p e c t r a l  d e n s i t y  func t ions  was g e n e r a l l y  shown t o  equa l  1.0 
?5% i n d i c a t i n g  accurate ope ra t ion  and proper d i s t r i b u t i o n  o f  t h e  f i l t e r  
c e n t e r  f requencies .  
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